OBJECTIVE: To ®nd out whether leptin can attenuate hypometabolic torpor-like states of metabolic rate (MR) in adult lean animals, as it attenuates the morning suppression of thermoregulatory thermogenesis in suckling-age rat pups. DESIGN: Leptin effects on MR and food intake were studied in mice aged 4±7 months, in which a high incidence of exaggerated circadian reductions of MR had been induced by chronic food-restriction and, for comparison, in freefeeding mice. PROTOCOL: Continuous recordings of MR, for a group of seven mice maintained at an ambient temperature of 24 C, while they were repeatedly ± with pauses of at least six days ± treated for three consecutive days with either recombinant murine leptin (20, 200 or 600 pmol Á g 71 Á d 71 ) or saline. RESULTS: Leptin treatment caused dose-dependent 5±15% increases in energy expenditure by moderating the decreases in MR during the circadian minima, without affecting either the MR during the circadian maxima or food intake. Similar treatment of free-feeding mice caused dose-dependent decreases of food intake without changing MR. CONCLUSION: Leptin controls thermoregulatory energy expenditure when food supplies are scarce and changes food intake, rather than energy expenditure, when food is abundant.
Introduction
Due to the discovery of its absence as the cause of genetic obesity in obaob mice, the hormone leptin has been primarily associated with the control of food intake and the limitation of excessive weight gain. 1, 2, 3 It has been shown to normalize the core temperature (Tc) and metabolic rate (MR) of the hypothermic and hypometabolic obese mice which cannot produce functional leptin, but short-term measurements of Tc and MR did not reveal any leptin effects in free-feeding lean mice. 3 Pair-feeding experiments, though, indicated that leptin might have effects on the body fat content of lean mice, which are not due to changes in food intake. 4 Recently, leptintreatment of arti®cially reared suckling-age rat pups, showed that this hormone can elicit changes in the energy expenditure of lean animals that can quantitatively account for massive differences in body fat content in the absence of any differences in food intake. 5 These differences in MR were, however, limited to a certain circadian phase and to thermal conditions under which rat pups normally show torpor-like decreases of Tc and MR, caused by temporary depression of thermoregulatory thermogenesis. 6, 7, 8, 9 This leptin-effect occurring in early developmental stages when rat pups are neuronally still immature, led to the hypothesis that the control of hypometabolic torpor-like states, is one of the main functions of the hormone. 5 When food intake is restricted, the house mouse and mice of many laboratory strains (Mus musculus), like many other small mammals, are known to show torpor at the end of the night. 10 The signals controlling this adaptive response are, however, not well understood. 11 The aim of this study was, therefore, to ®nd out whether leptin can attenuate torpor-like depressions of MR in adult lean animals in the same way as it attenuates the morning suppression of thermoregulatory thermogenesis in suckling-age rat pups. To do this, we continuously recorded the MR of a group of food-restricted mice aged 4±7 months, and compared the daily rhythm of MR during leptin-treatment with that during saline-treatment. For comparison, we repeated the same experiments with free-feeding mice.
Methods

Animals and feeding regime
We used two groups (n 7 each) of female mice (Balb c strain) maintained throughout the experiments under a moderate cold load (22±24 C) in a 10 h light, 14 h dark cycle. Upon reaching the age of eight weeks, adapting an experimental protocol described by Himms-Hagen, 12 the ®rst group (foodrestricted mice) was accustomed to receiving a limited amount of pelleted food (Altromin 1324, Lage, Germany) at the end of the daily light phase. Each evening the animals were weighed and food intake was adjusted so that the average body mass continued to increase only very slightly. During the experiments, the food-restricted mice were aged 4±7 months, weighed 15±20 g and received 2.3±2.5 g food each day. On any given day, all animals received the same amount of food ( AE 0.05 g) and the complete consumption of this amount was veri®ed by inspection. The second group (free-feeding mice) was otherwise identically treated but received food ad libitum and their food intake was determined by daily weighing. The mice in this group, weighed 18±23 g during the experiments and consumed about 3.5 g food per day.
Experimental set-up
Each mouse was kept in a 17617 cm plastic chamber, 15 cm high, from which air was continuously aspirated at about 300 mlamin. Oxygen consumption was recorded as described previously. 13, 14 In short, a mass ow meter (FM 360, Tylan General, Eching, Germany) and electrochemical oxygen analyzer (S-3A/II, Ametek, Pittsburgh, USA) in an open-¯ow system were used to successively measure, for 5 min once every 40 min, the¯ow rate and oxygen content of the dry air aspirated from each of seven animal chambers and one reference chamber. Water manometers were used for adjusting and monitoring the pressure in each of the aspiration lines, in order to ensure that the air¯ows during the intervals between measurements were the same as those during measurements. All data were simultaneously recorded on a multichannel point printer and on a personal computer.
Leptin-treatment
We used recombinant murine leptin produced as described previously. 5 The same treatment protocol was used with food-restricted and free-feeding mice: for three consecutive days, we gave to half of each group of mice, in random order, one of three doses (20, 200 or 600) in two subcutaneous injections (about 4 h after the onset and offset of the daily light phase). The other half of each group was used as controls and received the same volume of the solvent (phosphatebuffered saline). In the next experimental run, the roles of leptin-treated and saline-treated mice in each group were reversed and at least 6 d elapsed between any two series of injections. To balance potential differences between the animals within the same group, this sequence of treatment and recovery periods was repeated six times, so that at each dose, each animal in the group served once as an experimental animal and once as a control.
Evaluation
The total MR of each animal during the different experimental periods, was calculated from the air¯ow and oxygen content by assuming a respiratory quotient of 0.8, and thus a caloric equivalent of 0.33 W per ml O 2 amin (20 kJaliter). Additionally, the mass-speci®c MR was determined to facilitate comparison of the diurnal patterns of metabolic activity in animals differing in body weight. For the calculation of massspeci®c MR, body mass between weighings was linearly extrapolated. Mass-speci®c MR could be meaningfully compared between leptin treatment and saline treatment of food-restricted mice, because leptin did not cause consistent changes in their body mass (see results).
When differences in daily energy expenditure were found, the time of day when these differences occurred was analyzed. Similarly as in our previous studies of juvenile rats, 6 the daily minima and maxima of mass-speci®c MR were determined by averaging all sets of ®ve consecutive values to ®nd the sets with the lowest and highest means within 24 h intervals, starting at 00:00 for the minima and at 12:00 for the maxima.
Because visual inspection of scatter plots for each group of mice showed that the variability between data of the same animals in different experimental runs was larger than the variability between different animals in the same experimental run, the evaluation was based on the difference between the data of each individual and the mean of the saline-treated animals of its group on the same day. We then determined, for each animal, the mean of MR and the daily maxima and minima of mass-speci®c MR over the 3 d treatment period. For food intake, the cumulative intake during this period was analogously determined and for body mass, the change between the mean in the three days before treatment and the day after the treatment was evaluated. The signi®cance (P`0.05) of the correlation between these data and the logarithm of the leptin dose was determined by one-tailed testing because the directions of leptin induced changes are known: positive for MR and negative for food intake and body weight. 
Results
Energy expenditure
The MR of the food-restricted mice, showed a pronounced daily rhythm that was not changed by saline treatment ( Figure 1A) . The highest values of MR observed at the beginning of the dark phase were about 30 Wakg, and values at the beginning of the light phase could drop for some hours below 5 Wakg. Leptin treatment suppressed the occurrence of MR values below 10 Wakg during the daily minima, but had no effect on the MR during the daily maxima ( Figure 1B) . The daily rhythm of the MR for the freefeeding mice was less pronounced: their MR dropped only to about 10 Wakg during the daily minima and increased only to about 20 Wakg during the daily maxima. More important, the daily rhythm was not in¯uenced by either the saline treatment ( Figure 1C ) or the leptin treatment ( Figure 1D) . Correspondingly, the total daily energy expenditure of the food-restricted mice, was much higher during the leptin treatment, than during the saline treatment. The saline-treated mice consumed about 1.3 l oxygen per day (26 kJ), and the leptin-treated mice, increased their MR dose-dependently by 5±15% above this level (Figure 2 ). In the free-feeding mice, in contrast, which had a similar total daily oxygen consumption as the food-restricted mice before treatment, even the highest dose of leptin did not cause the slightest increase of the total daily energy expenditure above the baseline.
Diurnal pattern of MR in food-restricted mice
Statistical evaluation of the daily minima and maxima revealed that leptin had a dose-dependent effect on the daily minima, but had no effect on the daily maxima ( Figure 3) . Scatter plots showed that during the leptin treatments only 14% of the daily minima were below 10 Wakg and none were below 5 Wakg. During the saline treatments, in contrast, 78% of the minima were below 10 Wakg and 52% were below 5 Wakg. The frequency distribution of MR values also shows that the leptin effect on MR is at all doses restricted to the 12 h period, encompassing the daily minimum ( Figure  4 , resting phase), while leptin does not elicit changes in the 12 h period encompassing the daily maximum ( Figure 4 , activity phase). It is also evident that leptin at no time of the day increases the frequency of MR values between 20±30 Wakg, but that it instead decreases the frequency of rates below 10 Wakg.
Food-intake and body mass
The cumulative food intake during the 3 d treatment period decreased in free-feeding mice below that of the control mice (about 10.5 g) by 1.3, 1.7 and 4.2 g for the low, middle and high leptin dose (r 70.73, P`0.001) respectively. And the body masses of the mice treated with these doses decreased by 0.5, 0.3 and 1.7 g (r 0.61, P`0.01). All food-restricted mice treated with even the highest dose of leptin (600 pmol Á g 71 Á d 71 ), on the other hand, consumed their entire rations of food (6.9±7.5 g) during the 3 d treatment periods. And after the 3 d treatment period, the food-restricted mice did not show dose-dependent decreases of the body mass (r 0.22, P b 0.05).
Discussion
The main result of this study is that leptin can modify the energy expenditure of adult lean animals without affecting their food intake, and that it does this not by Correlation between leptin dose and average changes in the total daily energy turnover (SMR) of seven food-restricted and seven free-feeding mice treated with leptin for three consecutive days. In both groups, the values for each animal on each day were expressed as differences from the mean values of those group members treated with saline. Regression lines are shown with 95% con®dence intervals. *P`0.05. a general stimulation of energy expenditure, but by preventing circadian decreases in energy expenditure under moderate cold loads. This circadian speci®city is similar to that found in previous work, where leptin attenuated the pronounced morning decreases of Tc and MR that normally occur when suckling-age rat pups are maintained under cold-load conditions. 5 This effect was limited, however, to the foodrestricted mice: leptin treatment of the free-feeding mice did not increase their energy expenditure, but decreased their food intake.
Leptin modulates but does not drive effector activity itself
These ®ndings should, however, not be misinterpreted to indicate that the dramatic circadian alterations of thermoregulatory thermogenesis observed in sucklingage rat pups 6, 8, 9 and in food-restricted adult animals 11 are brought about by corresponding rapid changes of leptin levels. In contrast to leptin's rather quick effect on food intake, 1 its effect on the amplitude of the circadian rythms of Tc and MR seems to be a slow effect. 5 Moreover, leptin does not appear to directly stimulate brown adipose tissue thermogenesis like norepinephrine does, 15, 16 rather, its effect on thermo- regulation seems to be mediated by central receptors, 17 which determine whether the investment of energy for thermoregulatory thermogenesis driven by other signals is permitted or inhibited.
Leptin effects on energy balance
As discussed in detail elsewhere, body mass is a poor indicator for acute leptin effects. 18 The 1.7 g decrease in body mass, found in the free-feeding mice treated with the highest dose which decreased their food intake at unchanged MR by about 40%, certainly cannot be wholly attributed to a decrease in body fat: it would (at 38 kJag fat) correspond to a loss of 63 kJ, or more than twice the total daily energy turnover. On the other hand, a decrease of total MR by about 15% at unchanged food intake, as seen in the food-restricted mice, adds up to a 11 kJ decrease of energy expenditure during the 3 d treatment period, corresponding to an expected loss of about 0.3 g body fat. Although this is a substantial (about 15%) change of body fat stores in these small animals, it is much too small to result in detectable changes in body mass. Clearly, body mass is thus not the parameter suitable to compare the leptin effects mediated by different effectors. Long term studies of energy balance, with ®nal determination of body fat content, as previously performed in suckling-age rat pups, 5 will have to be carried out in free-feeding and food-restricted leptintreated mice, to quantitatively compare the leptin effects on body fat content mediated by changes in food intake and in energy expenditure. And only continuous leptin infusions, rather than bolus injections, under the same experimental conditions, will permit the determination of plasma leptin levels necessary to verify the assumption that leptin level changes in the physiological range, are able to modify the circadian amplitude. 5 Torpor in food-restricted micè Torpor' (here,`shallow daily torpor') is not a precisely de®ned term, but is generally used for a variety of states in which MR, during a part of the circadian cycle, falls below its normal resting level, permitting Tc to approach Ta, although the thermoregulatory abilities of the animal are not impaired. 10, 11 There is, however, no generally applicable criterion for distinguishing between normal resting levels and torpid states, and no consensus about the physiological changes that have to occur to initiate a torpor bout. 10, 11, 19, 20 We therefore simply evaluated the frequency with which the MR of our mice fell for at least 160 min (that is, 5 consecutive measurements) below two arbitrary levels: 10 and 5 Wakg. And although these are rather moderate decreases of MR in comparison to the full-blown torpor bouts occurring in more severely food-restricted mice at lower Ta, 10 the MR changes described here, resemble torpor in their diurnal organization and in ending with a sharp increase of MR (see Figure 1A and B). They thus clearly differ from hypometabolic states induced by a failure of thermoregulation due to the exhaustion of energy stores. Accordingly, Figure 4 shows that resting phase MR values above 30 Wakg, which are associated with the end of torpor bouts, in untreated animals are lacking in the leptin-treated animals.
A role of leptin when food is scarce
The present results support the notion that the hormone acts by attenuating the suppression of thermoregulatory energy expenditure, rather than by modulating other kinds of energy expenditure. As Figure 4 clearly demonstrates, leptin does not increase the occurrence of MR values between 20 and 30 Wakg which re¯ect motor activity, neither during the resting phase nor during the activity phase. Our ®ndings thus agree well with the observations that leptin does not suppress torpor of free-feeding hamsters maintained at thermoneutral conditions, 15 and that it has pronounced effects on the MR and the fat stores of juvenile rats only under cold-load, but not under thermoneutral, conditions. 5, 15 The present study shows, moreover, that leptin can elicit massive increases in energy expenditure, under conditions in which it does not reduce food intake, indicating that it cannot overcome the drive for food intake when supplies are scarce. With a multitude of data demonstrating the proportionality of body fat stores and endogenous leptin levels, 21, 22 our ®ndings, instead, suggest that leptinlevels play a crucial role in determining the frequency andaor depth of torpor-like decreases in MR and thus the rate of depletion of endogenous energy stores, when ambient temperatures are below thermoneutrality, as they typically are in natural living conditions. Considering also, that leptin has no effect on the milk intake of suckling-age rat pups, 5, 23 the present results thus indicate that under the more natural conditions, when food supplies are scarce, the hormone's primary role is in the control of thermoregulatory energy expenditure, whereas it changes food intake rather than energy expenditure when food is abundant.
